Objective. The purpose of this study was to evaluate hemispheric asymmetry of cerebral blood flow changes during various mental tests by applying transcranial Doppler sonography (TCD) to simultaneously monitor bilateral cerebral blood flow velocity changes. Methods. Twenty-one participants without cerebrovascular disease performed 3 left hemispheric tasks (reading, calculation, and color scaling) and 3 right hemispheric tasks (face recognition, space imagination, and line orientation). Results. Mean velocities of the rest and performing periods did not differ significantly between the left and right hemispheric tasks. Although greater acceleration of blood flow velocity was observed on the left than on the right in most of the 6 tasks except line orientation (mean left -right ratio difference [D l-r ] ranged from -0.018 to 0.071), this difference was larger for left hemispheric tasks (mean D l-r ranged from 0.050 to 0.071) than right hemispheric tasks (mean D l-r ranged from -0.018 to 0.034; P < .001). Further comparisons of each pair of (ie, left and right) hemispheric tasks revealed that the most suitable left and right hemispheric tasks to show hemispheric asymmetry were reading and line orientation, respectively (P < .001). Conclusions. Hemispheric asymmetry of cerebral blood flow changes during mental tests is demonstrable with TCD only when comparing the D l-r in response to suitable paired left and right hemispheric tasks. Key words: cerebral blood flow; cognitive task; functional transcranial Doppler sonography; mental activity; neuropsychology.
erebral activity, metabolism, and brain perfusion are well known to be closely related. [1] [2] [3] [4] [5] The dependence of cerebral activity on increased brain perfusion has been shown with the use of xenon Xe 133 injection and inhalation techniques, singlephoton emission computed tomography, and positron emission tomography. [6] [7] [8] [9] [10] [11] The first work showing cerebral blood flow monitoring using transcranial Doppler sonography (TCD) was released in 1982. 12 This work marked the first time that cerebral blood flow changes were measured atraumatically and continuously. Since then, several reports have been published discussing the relationship of brain perfusion and cerebral activity with TCD. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Although the increase in blood flow velocity above the baseline during mental activity is rather conclusive, the hemispheric asymmetry of blood flow velocity changes with various tasks is less so. [13] [14] [15] [16] 18, 19, 24 We assessed the practicability of TCD in monitoring cerebral blood flow velocity and detecting hemispheric asymmetry during left and right hemispheric tasks.
Materials and Methods
Three men and 18 women served as participants (mean age, 25.5 years; range, 22-30 years). All participants were right-handed without familial sinistrality and had no history of neurologic or psychiatric diseases, including head trauma and learning disabilities. All of the participants abstained from nicotine, caffeine, and medications for at least 8 hours before the task performance. Approval for this prospective study from the Institutional Review Board of Chang Gung Memorial Hospital was received (98-1056B), and written informed consent from all volunteers was obtained.
A TC2020 TCD system with dual-probe monitoring (Nicolet-EME, Kleinostheim, Germany) was used to monitor bilateral hemispheric blood perfusion. We sought to locate the highest velocity in the middle cerebral artery (MCA) at a depth of 45 to 60 mm. Two 2-MHz transducers were secured on a headband for simultaneous recording of bilateral MCA velocities. Before the examination, each task was clearly explained to the participants, including the following instructions: (1) in each picture, identify the order of the color change; (2) in each picture, identify from a pool of 6 which person corresponds to the 1 shown above; (3) identify the answer to each equation; (4) in each picture, identify which line is facing the same direction as the 2 shown below; (5) in each picture, read out the phrases and sentences; and (6) in each picture, identify which 2-dimensional figure if folded will correspond to the 3-dimensional figure shown on the left (Figure 1 ). The participants were instructed to sit comfortably in a quiet room and perform the tasks displayed on a screen positioned in front of them in the order listed in Table  1 . Tasks designed to activate the left (tasks 1, 3, and 5: color scaling, calculation, and reading) and right (tasks 2, 4, and 6: face recognition, line orientation, and space imagination) hemispheres were performed alternatively, each for 2 minutes with a 1-minute rest interval included between tasks to minimize reciprocal interference. The participants were instructed to keep their eyes closed while resting.
The time-averaged mean velocities (MVs) calculated by the machine every 3 seconds were recorded by hand. For each series, the MVs of the 
Results
Cerebral blood flow velocities increased when all 6 tasks were performed. The ANOVA tests revealed that the MVs in both hemispheres during the rest and task performance periods did not differ significantly among the various tasks (Table 2) . Although the ratios of flow changes in the left and right hemispheres differed significantly for all 6 tasks (P < .05), greater flow velocities were observed on the left (R left > R right ) in both left and right hemispheric tasks with the exception of line orientation (Table 3) .
Nevertheless, comparison of the D l-r in flow velocity changes for the 6 tasks revealed that the D l-r was reduced in a stepwise manner from left hemispheric tasks through right hemispheric tasks ( Figure 2) . The left hemispheric tasks tended to be associated with a larger D l-r than the right hemispheric tasks ( Table 3 ). The ANOVA tests revealed significant diversity in the D l-r for Figure 1 . Examples of left and right hemispheric tasks: A, color scaling; B, face recognition; C, calculation; D, line orientation; E, reading; and F, space imagination. Translations of Mandarin Chinese shown in E are, respectively: "a year or so; delivery cargo"; "contact and maintain the relationship; please fasten shoelaces"; "wind and snow all over the sky; pay no attention"; and "a shooter is also called a gunner." In Chinese, the same characters used in different phrases or clauses may be pronounced totally different; the Chinese phrases shown in E illustrate such situations.
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the left and right hemispheric tasks (P < .001; Table 3 ). Each paired task comparison of the D l-r in blood flow velocity changes was checked, and statistically significant differences (P < .001) were found in all cases (Table 4 ). Among the 3 left hemispheric tasks, reading could be paired with any of the right hemispheric tasks and tended to be associated with the largest diversity in the D l-r (P < .05). Among the right hemispheric tasks, line orientation could be paired with any of the left hemispheric tasks and had the most significant diversity in the mean D l-r (P < .001; Table 4 ).
Discussion
Since the first work introducing TCD in 1982, 12 a number of studies have applied TCD to evaluate cerebral blood flow changes during mental activities. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Compared with previous tools for studying cerebral blood flow, TCD has the advantages of easy performance, lesser need for participant cooperation, continuous monitoring capability, and, most importantly, noninvasiveness. Previous studies on TCD found that accelerated blood flow velocities during cognitive tasks seemed conclusive. Nevertheless, interhemispheric asymmetry was inconsistent in response to various mental tasks. Droste et al 16 found right hemispheric dominance during the 3 right hemispheric tasks but no corresponding results for the left hemispheric tasks. In addition, Kelley et al 19 found no significant interhemispheric differences in blood flow changes when participants played video games and performed mental arithmetic tasks. Moreover, Bulla-Hellwig et al 13 and Hartje et al 18 found left hemispheric dominance for verbal tasks but inconsistent right hemispheric dominance for visuospatial tasks. Vadikolias et al 24 revealed that the hemisphere characterized as dominant by functional transcrainal Doppler sonography (fTCD) maintained a more stable flow pattern during the performance of successive cognitive tasks. Deppe et al 14 pointed out that fTCD could be used to determine language lateralization. Dorst et al 15 claimed that in most participants with left-sided language dominance, the spatial orientation paradigm was able to identify the nondominant hemisphere.
These divergent results may have been attributable to the fact that brain activity was evoked not only by the test itself but also by the process of task performance. To reduce confusion from the accompanying complex brain activity evoked by the process of task performance, bihemispheric responses to various tasks were interpreted as relative ratios of flow change rather than absolute values and were expressed as ratios compared with the baseline. Furthermore, the effect of each task on the brain was also interpreted as the relative difference between the left and right hemispheric responses, and the role and effect of left and right hemispheric tasks were compared and expressed as relative disparities in the D l-r . Relative comparison could effectively reduce the influence of complex cerebral activity accompanying task performance. We found left hemispheric dominance for most of the left and right hemispheric tasks except line orientation. This phenomenon may have resulted from the fact that the participants performed each task, including right hemispheric tasks, via verbal responses and thus evoked complex cerebral activity, especially left hemispheric activity. Nevertheless, this activity would not affect interpretation of the results. Comparison of the D l-r between left and right hemispheric tasks revealed a tendency for the difference to be larger for left hemispheric tasks, especially reading. On the other hand, the D l-r was reduced when right hemispheric tasks were performed, and the difference was smallest for line orientation (Figure 2 ). These findings suggest that fTCD may be a good test for showing lateralized hemispheric activity only if the study results are interpreted with the concept of relative comparison.
As for the paired task comparisons, although all 3 left hemispheric tasks could be coupled with any right hemispheric task and gained a statistically significant diversity of the mean D l-r , reading was identified as the most suitable left hemispheric task and had the greatest D l-r . On the other hand, even if all 3 right hemispheric tasks could be paired with any left hemispheric task Lin et al 
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and yielded a statistically significant diversity of hemispheric asymmetry, we found line orientation to be the most suitable right hemispheric task, showing the most significant right hemispheric dominance. All of these results can be obtained by using the atraumatic and convenient technique of TCD. Identification of dominant and nondominant hemispheres is very important in clinical practice, especially when facing neurosurgical treatment or resection. Our study provides concepts of relative comparison to interpret the fTCD results that compare not only with the baseline but also with the left and right ratios. Through this study, noninvasive, easily accessible, and robust fTCD may be more practical for experimental and clinical uses.
